Introduction DN A polymerase activity from cell extracts of synchronized growing yeast shows a fluctuating behavior during the cell cycle [1] , indicating a strong regulatory control o f the enzyme during the cell growth. The fluctuations must be ascribed to DN A polymerase A [2, 3] . Their underlying mechanism as yet is unknown. Observations on striking short-tim e alterations o f cyclic nucleotide levels during the cell cycle suggest a regulation by cyclic nucleotidedependent protein modification. Though in most cases a correlation in time is reported between in creasing cyclic nucleotide levels and transition from G0 to G1, or onset o f mitosis, respectively [4] [5] [6] [7] [8] [9] [10] [11] [12] , and also some inconsistent observations are m ade [13] [14] [15] , increased levels of cAM P and of cGM P, respectively, also are found in some cases at the S phase [16, 17] . Furtherm ore, observations on a cAM P-dependent phosphorylation o f nuclear pro teins, such as D N A polymerase a, virus-induced reverse transcriptase, and other acidic nuclear pro teins [18] [19] [20] , indicate a distinct role of protein Reprint requests to Dr. H. Eckstein. 0341-0382/81/0900-0813 $01.00/0 modification in the control o f cell proliferation. The present paper describes the effect o f cG M P on the DNA polymerase activity from yeast extracts, and the influence of cG M P on purified D N A polym er ase preparations from several cell systems. Parts of the results were com m unicated recently in a p re liminary form [21] .
M aterials and M ethods
A cell line, formerly isolated from baker's yeast (G erm ania Hefe, Deutsche Hefewerke, H am burg, c f [22] ) was used for all experiments. Cells were grown in a m odified W ickerham m edium as de scribed earlier [23] . D N A polymerase I from E. coli MR 600 (purified up to step 7 according to Jovin et al. [24] was purchased from Boehringer (M ann heim). DNase I from bovine pancreas (chrom atographically pure, 2000 K unitz-units/m g) was ob tained from Merck (D arm stadt). [3H ]m ethyl thym i dine 5'-triphosphate was from the Radiochem ical Centre (Amersham), [8-3H ] (N )-3': 5'-cyclic G M P (17.2 C i/m m ol) was from NEN, unlabeled nucleo tides were purchased from Boehringer. Cyclic nucleotides were chrom atographed before use on a Sephadex G-10 column, they were free of pyro-phosphate. /?-mercaptoethanol was from Fluka (Switzerland). Poly(dA-dT), Na-salt, was obtained from Boehringer. Salm on sperm D N A (highly poly m erized, free o f protein and salt) was from Serva Estimation o f DNA polymerase activity D N A polymerase activity was estim ated in an assay m odified from [1] . It contained in a total of 400 |il: 5 nmol dTTP, including 2.5 (iCi [methyl-3H]-dTTP, 50 nmol each o f dATP, dG T P and dCTP, 100 nmol ATP, 500 nmol /?-mercaptoethanol, 13.4 ng "activated" salmon sperm DNA, 4 nmol M gCl2, 40 nmol Tris-H Cl-buffer, pH = 7.6. The reaction was started by addition o f 10 nl o f enzyme solution and incubation at 37 °C. A t 0, 5, 10, 15, 20, 25 and 30 m in o f incubation, 50 nl aliquots were transferred to filter papers (Schleicher & Schuell, No. 5891, 20x20 mm) and im m ersed into icecold 10% TCA. The filters were washed twice with 5% TCA, twice with alcohol, and with diethylether, and transferred into 15 ml o f a dioxan scintillation cocktail (4.0 g Szintimix III, Merck, 100 g naphthalene, Dioxan ad 1000 ml).
Radioactivity incorporated from [3H ]dTTP into the acid-insoluble m aterial was counted in a "Betascint" liquid scintillation counter (Fa. Berthold, W ildbach, G erm any), and nmol dTM P incorporated per 400 nl assay during the first 10 m in of incubation were calculated. One unit o f enzyme was defined as that am ount, which catalyzes the in corporation of 1 nmol dTM P into acid-insoluble m aterial per m inute under the test conditions. Protein was estim ated by the biuret reaction, and by the Lowry m ethod, respectively. 
Estimation o f DNA degrading activity
DNA degrading activity was tested in an assay containing in a total volume of 200 nl: 10 nCi [14C]DNA, 500 nmol /?-mercaptoethanol, 0.01 mol/1 MgCl2, 0.1 mol/1 Tris-HCl-buffer, pH = 7.6, and enzyme. After incubation for 60 min at 37 °C, the mixture was cooled in an ice bath, 10mg bovine serum album in (Schering, Berlin), and TCA (final concentration 5%) were added. The insoluble m ate rial was centrifuged off. The radioactivity was determined in the clear supernatant, it was refered to a standard assay with 1 ng DNase I. Microscopic observation gave evidence that more than 99% of the cells were destroyed. The glass beads were separated by filtration, the cell debris was centrifuged off (15 min, 1 5 0 0 x 0 , -2°C) and discarded. The supernatant (= "crude extract") was centrifuged 25 min at 30000 x g, -2 °C. The result ing residue contained some DN A polymerase activ ity, which with reference to [26] prelim inary was called "m itochondrial". The 3 0 0 0 0 x 0 pellet was washed twice with M ET-buffer, the supem atants were combined and centrifuged at 1 1 5 0 0 0 x 0 (120 min, -2 °C). In contrast to [3, 25] , we again found the postmitochondrial D N A polymerase activity nearly completely in the 115 000 x g supernatant (cf. also [1] ). DNA polymerase A and B were purified from the 115 000 x g supernatant in essential accord ing to [25] , but with the following modifications:
Enzyme activity was separated from the 115000 x 0 -supernatant by stepwise precipitation with a 4 mol/1 amm onium sulfate solution contain ing 20 mmol/1 Tris-HCl, 1 mmol/1 N a 2-EDTA, and 2 mmol/1 mercaptoethanol, pH = 7.5. D N A poly merase activity precipitated completely between 1.10 and 1.95 mol/1 am m onium sulfate. b) A fter separation o f D N A polymerases A and B by anion exchange chrom atography (step 5 in ref. [25] , the enzymes were precipitated by 2 mol/1 am m onium sulfate and dialysed against PEMEGbuffer (0.03 mol/1 potassium phosphate, 1 mmol/1 N a2-EDTA, 2 mmol/1 m ercaptoethanol, 10% (w/v) glycerol, pH = 7.5).
The resulting DNA polym erase A fraction was free of measurable D N A degrading activity. In this point, and with respect to the behaviour at anion exchange chrom atography, our preparation corre sponds to D N A polymerase A from W intersberger [25] . It also appears com parable to DN A poly merase I (step Va) from C hang [27] , Further purification o f D N A polymerases A and B, resp., was achieved by chromatography on a DNA cellulose column (12x175 mm) according to [28] . The enzymes were eluted by 0.6 mol/1 NaCl in TEM EG-buffer containing 6.09 mg/1 phenylmethylsulfonylfluoride. Referring to the activity in the crude extract, enzyme A was purified about 5600 times, enzyme B 830 tim es (Table I) *.
* The degree of purity by far exceeds that obtained by Potuzak et al. [28] . On the other hand, the data cannot be compared with those from Chang [27] , since this author, using a more complicated preparation method, works at differing test conditions. 
Results
In a first attem pt to get some inform ation about an influence of cyclic nucleotides on yeast DNA polymerases we tested the effects of cAMP and cGM P on the soluble DN A polymerase activity from yeast extracts. As pointed out in Table II , the results were quite different: cG M P (0.25 mmol/1) inhibits the enzyme activity from 115 000 x ^-supernatants, but cAMP activates the D N A synthesis.
These effects are in contrast to those induced by the corresponding 5'-nucleoside m onophosphates, since GM P enhances the enzyme activity, whereas AMP brings about a slight inhibition.
pmol dTMP incorporated Fig. 1 . Kinetics of DNA synthesis by yeast DNA poly merase under cGMP. DNA polymerase assays were pre pared as described in "Materials and Methods", but with a tenfold concentration of [3H]dTTP. The cGMP concentra tion was 0.25 mmol/1. The reaction was started by addition of enzyme (1.5 ng protein) and incubation at 37 °C. At the times indicated, aliquots of 50 nl were taken off and treated as described in "Materials and Methods".
• ------• Control; O-----O +cGMP. The m ain com ponent o f the soluble D N A poly merase activity from yeast extracts is D N A poly merase A. This enzyme is inhibited by cG M P con centrations above 0.01 mmol/1 (Fig. 2) . 50% reduc tion o f the enzyme activity is obtained by 0.1 mmol/1 cGMP. In contrast to enzyme A, yeast D N A poly merase B is activated by 0.25 mmol cGMP/1 (Table  III) . On the other hand, no significant cG M P effect is observed with the D N A polymerase activity from 30 000x g residues. From other D N A polymerases, the activity o f D N A polymerase I from Escherichia coli is not changed by 0.25 mmol cGMP/1, whereas a clear inhibition o f the DN A synthesis with DNA polymerase a from bovine liver embryonic cells is observed.
In view of the different situation with the various yeast DNA polymerases, we restricted the following investigations to enzyme A. Table IV summarizes the results from experi ments, where the concentrations o f single com po nents of the enzyme assay were raised. As dem on- strated, the inhibition by cG M P o f the yeast poly merase A is abolished only when the prim ertem plate DNA concentration is raised. It should also be noticed, that theophylline, which clearly intensifies the cGM P-effect with cell extracts, does not influence the inhibition o f the purified enzyme. The competition for the enzyme between cGM P and the prim er-tem plate D N A becomes evident from studies on the relation between reaction speed o f DN A synthesis and prim er-tem plate concentra tion in the assay (Fig. 3) . But at very low DNA concen- whereas Vmax is about 12 pmol dTM P incorporated in 10 minutes in both cases. A competition of cGM P and prim er-tem plate DNA for the enzyme probably concerns the prim er binding site of DNA polymerase. The following experiments were conducted with the aim to eluci date the mechanism of the interaction between cGM P and the enzyme protein.
[3H]dTTP was replaced in the assay by [3H]cGMP.
As to be expected, no radioactivity was incor porated into the acid-insoluble material (Table V) . 2. When poly(dA-dT) instead of "activated" DN A was taken for a prim er-tem plate, the DNA poly merase reaction again was inhibited considerably by cGM P (Table VI) .
A remarkable inhibition of yeast DN A poly
merase A is produced not only by 3',5'-cGM P, but also by 5'-G M P (Table VII) . 3'-GM P remains w ithout effect. A slight but scarcely significant inhibition is observed also with 2',3'-cGMP.
Sim ilar results were obtained with AMP analoga: 3',5'-cAMP and 5'-AMP inhibit yeast DN A poly merase A significantly, whereas 3'-AMP, like 2',3'-cAMP, remains without an effect.
Discussion
The observation, that the soluble D NA poly merase activity from extracts from growing yeast is changed in opposite directions by cAMP and cGM P ( c f Table II) suggests the idea o f a regulation o f this enzyme activity during the yeast cell cycle by a cAMP-and/or cG M P-dependent m odification of the enzyme protein. This assum ption is supported by the findings, that cAMP shows a peak at that tim e when in synchronized growing yeast DNA polymerase activity increases and D N A synthesis starts [1, 2, 16, 23] . A sharp cG M P peak at the end o f [3H]thym idine incorporation by the slime mould Physarum polycephalum [17] also points into this direction, though observations on the cGM P level during the cell cycle of other cell systems [5, 30] are inconsistent. However, the fact, that partially puri fied DN A polymerase A, the m ain com ponent of the soluble DNA polymerase activity in yeast ex tracts [2, 3, 27] , is inhibited, too, by cGM P, markes it rather unlikely, that a cG M P-m ediated protein m odification in the assay might be crucial for the decay o f the enzyme activity.
The inhibition by cGM P o f yeast D NA poly merase A cannot be explained simply by artefacts:
The effect of cGMP is not overcome by additional equimolar amounts of m agnesium ions (not shown here). Furtherm ore, various conditions being effec tive as a magnesium trap do not essentially in fluence the incorporation o f dTM P (cf. The competition between cGM P and prim ertemplate DNA ( c f Fig. 3) for the enzyme prim arily should be considered with regard to the mechanism of DNA binding. As was shown with DN A poly merase I from Escherichia coli [31] , a free 3'-hydroxyl group and a 5'-phosphate in the ribose moiety are basic requirem ents for com petition be tween nucleotides and D N A primer. The fact, that yeast DNA polymerase A is inhibited by 5'-GM P and by 5'-AMP, but not by the corresponding 3'-nucleotides nor by their 2',3'-cyclic derivatives ( Table VII) illustrates, that a sim ilar mechanism must be postulated also for this enzyme. The in hibition by 3',5-cyclic nucleotides, however, needs an additional explanation. Since this inhibition ap parently occurs independently from the purine base, the crucial point seems to be the 3':5'-phosphodiester configuration. It is rather surprising and not as yet understandable, how this configuration, though there is no free 3'-hydroxyl group, allows a com peti tion for the prim er binding site of yeast D N A poly merase A.
cGMP inhibits not only D N A polymerase A from yeast, but also DNA polymerase < x from liver embryonic cells. This corresponds well to the sim i larity between yeast DNA polymerase I and eucaryotic DNA polymerase a as stated by Chang [27] . Both enzymes presumably are responsible for DNA replication [3, 32] . Another situation exists with the nuclease bearing yeast D N A polymerase B (yeast DNA polymerase II from Chang). This enzyme, which exhibits properties o f the procaryotic DNA polymerases II and III [27] , is activated by cGMP. Like these, yeast DNA polymerase B m ight be involved in repair and gap filling reactions [3] .
Last but not least the insensitiveness against cGMP of the "mitochondrial" D N A polymerase activity from yeast 30000 xg-residues and of D N A poly merase I from E. coli should be m entioned, though the identity of this activity with the yeast m ito chondrial enzyme was not established. Again, both enzymes bear nuclease activity [24, 26] . In sum m ary, the different sensibility of the D N A polymerases from yeast against cGM P could have some bearing on the presumed differential biological role o f these enzymes.
An inhibition of DN A polymerase A by cG M P or other low molecular compounds in vivo could con tribute essentially to the rapid decrease o f the enzyme activity at the end of the S phase. It m ust be outlined, however, that the cG M P concentrations needed here apparently exceed significantly the known "physiological" values, though the level o f cGM P in yeast cells, and its behavior during the cell cycle not as yet are investigated. But as com pared with cAMP levels in yeast (cf. [16] ), cG M P per milligramme enzyme protein in the assay producing a 50% inhibition is about the 105 fold, though cGMP per milliliter assay differs only by a factor o f 10. Furtherm ore, an effect of cGM P would be rather unspecific, since cAMP also inhibits the yeast DNA polymerase A. It is not clear, how the enzyme activity could be influenced in vivo: W ith several cell systems low cAMP levels during the S phase are reported [9, 17, 33] , but also contradictory observa tions are made, including yeast [16, 30, 34, 35] . A similarly complex situation exists in the literature with regard to cGM P [5, 17, 30] . Thus, further investigations are necessary to solve this problem.
